The in-plane and cross-plane transport properties of nanocrystalline bismuth telluride (Bi 2 Te 3 ) thin lms were evaluated to analyze their anisotropic behavior. Bi 2 Te 3 thin lms were prepared via radio frequency (RF) magnetron sputtering, followed by a subsequent treatment of thermal annealing and homogeneous electron beam (EB) irradiation at various EB doses. The crystallographic properties of the thin lms were determined by X-ray diffraction (XRD) analysis. It was determined that the crystal orientation (Lotgering factor; F value) of Bi 2 Te 3 thin lms can be controlled by homogeneous EB irradiation treatments, without resulting in crystal growth. The electrical conductivity and Seebeck coefcient were measured in the in-plane direction of the lms, and the thermal conductivity was measured in the cross-plane direction using the 3ω method. The anisotropic analysis was performed by combining the F value of the thin lms with a simple model based on the transport properties of the basal and lateral planes of single-and poly-crystal Bi 2 Te 3 . The electrical and thermal conductivities of the in-plane and cross-plane directions of the EB-irradiated thin lms clearly differed; however, there was no signi cant difference between the Seebeck coef cient values of the two planes. Finally, we determined that the gure of merit, ZT, was enhanced by the homogeneous EB irradiation treatment, and the inplane ZT value was 25% greater than that of the cross-plane direction.
Introduction
Thermoelectric materials can potentially be used in thermoelectric power generators because they directly convert thermal energy due to a temperature gradient, into electrical energy via the Seebeck effect. Recently, the range of applications of thermoelectric generators has increased because of developments in energy-harvesting technology. Typical examples include mobile and wireless electronics. [1] [2] [3] The thermoelectric energy conversion ef ciency of such generators depends on the dimensionless gure of merit, (ZT). This is de ned as ZT = σS 2 T/κ total , where σ is the electrical conductivity, S is the Seebeck coef cient, T is the absolute temperature, and κ total is the total thermal conductivity, which comprises the electronic thermal conductivity, κ e , and the lattice thermal conductivity, κ l . To improve thermoelectric performance, the power factor, σS 2 , should be maximized and the lattice thermal conductivity should be minimized.
Among many types of thermoelectric materials, the bismuth telluride (Bi 2 Te 3 ) compound is of great interest because it exhibits the highest ZT value near room temperature (RT) and its ZT values can potentially be improved by structural modi cation. The Bi 2 Te 3 compound is one of the materials of the tetradymite family; it has a rhombohedral crystal structure (a = 0.438 nm and c = 3.049 nm) and a space group of D 5 3d (R3m).
4) The structure of the Bi 2 Te 3 compound is commonly described as a hexagonal unit cell, in which each charge-neutralized layer consists of ve covalently-bonded monatomic sheets. The thermoelectric performance of the Bi 2 Te 3 compound is characterized by its remarkable anisotropic behavior due to the high c-axis to a-axis length ratio of its crystal structure. 5, 6) The thermoelectric properties of the material in the direction parallel to the basal plane are superior to those in the direction perpendicular to the plane (lateral plane).
Thin-lm technology can potentially be used to improve the ZT values of modi ed structures, such as stacked layer-, [7] [8] [9] nanocrystalline-, [10] [11] [12] nano-porous-, 13, 14) and phase-separating lms. 15, 16) However, it is dif cult to accurately estimate the ZT values of anisotropic thin-lm materials, such as the Bi 2 Te 3 compound. This is because the electrical conductivity and Seebeck coef cient are usually measured in the in-plane direction whereas thermal conductivity is usually measured in the cross-plane direction, except for the freestanding lms. 17, 18) Therefore, it is important to analyze the anisotropic thermoelectric properties of Bi 2 Te 3 thin lms to estimate their in-plane and cross-plane ZT values.
In this study, we prepared n-type Bi 2 Te 3 thin lms via radio frequency (RF) magnetron sputtering. To modify the crystal orientation of the thin lms whilst generally maintaining the crystallite size, we performed thermal annealing. This was followed by a homogeneous electron beam (EB) irradiation treatment, which is known not to signi cantly enlarge the crystallite size. 19, 20) X-ray diffraction (XRD) patterns were used to determine the crystal orientation (Lotgering factor, F value) and crystallite size of the thin lms, as well as the strain induced within them. We measured the in-plane electrical conductivity and Seebeck coef cient at RT. The crossplane thermal conductivity was measured at RT using the 3ω method. Finally, we estimated the in-plane and cross-plane ZT values using the measured thermoelectric property values combined with a simple model to account for the crystal orientation.
Experimental Setup
N-type Bi 2 Te 3 thin lms were fabricated on SiO 2 /Silicon (dimensions: 20 mm × 30 mm × 0.6 mm) substrates via an RF magnetron sputtering method (Tokuda, CFS-8EP). The detailed experimental procedure for the sputtering method is described in our previous report.
21 ) The target consisted of high-purity (99.9%) Bi (30 at%)-Te (70 at%) and had a diameter of 127 mm (Kojundo Chemical Laboratory Co., Ltd). The substrate-to-target distance was maintained as 140 mm. Prior to the lm deposition, the chamber was evacuated to a pressure of 2.5 × 10 −4 Pa, and the substrate temperature was maintained at 200 C. The sputtering was performed in argon gas (99.995%) at a pressure of 1.0 Pa, using an RF power of 200 W. To deposit a lm with a uniform thickness, the substrate holder was rotated at 20 rpm. The thickness of the resulting lms was approximately 0.8 μm.
To improve the crystallinity and thermoelectric properties of the Bi 2 Te 3 thin lms, we performed thermal annealing using an electric furnace. The furnace was lled with an argon (95%) and hydrogen (5%) mixture at atmospheric pressure. The gas ow rate was maintained at 1.0 SLM throughout the annealing process. The temperature was increased to 300 C at a rate of 4 K/min and the samples were annealed at this temperature for 1 h. Following thermal annealing, the samples were cooled to RT naturally in the furnace.
The Bi 2 Te 3 thin lms were subjected to homogenous irradiation with an electron-curtain accelerator (Type CB175/15/180L, Iwasaki Electric Group Co., Ltd.) at RT. [22] [23] [24] In the vacuum, a tungsten lament was used to generate an EB with a voltage of 0.17 MeV and an irradiation dose of 0.43 or 0.86 MGy. The maximum rise in temperature was evaluated to be 25 K at these EB irradiation doses. 20) The samples were placed in a vacuum chamber, which had a diameter of 24 cm, and were irradiated with the EB through a titanium window. To prevent oxidation, the samples were held in a nitrogen atmosphere with a residual oxygen concentration of less than 0.04%, at 0.1 MPa. The ow rate of the nitrogen gas was 90 SLM.
The surface morphology of the Bi 2 Te 3 thin lms was investigated using scanning electron microscopy (SEM; JSM-6301F, JEOL). The atomic composition was estimated by energy-dispersive X-ray spectroscopy using the SEM equipment. The crystallographic properties of the thin lms were evaluated by XRD (Mini Flex II, Rigaku) using the Cu-K α line (λ = 0.154 nm).
The in-plane electrical conductivity, σ, of the Bi 2 Te 3 thin lms was measured at RT using the four-point probe method (RT-70V, Napson) with an accuracy of ±5%. The in-plane Seebeck coef cient, S, of the thin lms was also measured at RT with an accuracy of ±7%. To measure the Seebeck coefcient, both ends of the thin lm were connected to a heat sink and heater, respectively. The Seebeck coef cient was determined as the ratio of the potential difference along the lm to the temperature difference across it. The in-plane power factor, σS 2 , was calculated using the measured electrical conductivity and Seebeck coef cient values.
The cross-plane thermal conductivity of the Bi 2 Te 3 thin lms was determined at RT using the 3ω method with an accuracy of ±10%. Details of the thermal conductivity measurement and the sample fabrication process for the 3ω method have been described in a previous report. 25) To summarize, a SiO 2 lm (thickness: 500 nm) was deposited on a Bi 2 Te 3 thin lm via RF magnetron sputtering. A thin aluminum wire was deposited on the sample via EB evaporation, using shadow masks. The thin aluminum wire had a width of 20 μm and the length of the heater section was 2 mm. We also fabricated reference samples that did not incorporate the Bi 2 Te 3 thin lm but were otherwise identical to the primary samples. The reference samples were used to subtract the thermal properties of the insulation layer. In our previous study, we con rmed that it was possible to disregard the thermal contact resistance values to estimate the thermal conductivity values of the thin lms. Figure 1 shows the surface morphology of the Bi 2 Te 3 thin lms, captured by SEM. The untreated lm had a very similar . These lms exhibited a relatively rough surface, and consisted of a large quantity of granular-like grains with diameters of less than 100 nm. Moreover, in Fig. 1(c) , the lm that was treated with an EB irradiation dose of 0.83 MGy had a very similar average grain size to that of the untreated lm and the lm that was treated with an irradiation dose of 0.43 MGy. The atomic composition of the lm that was treated with an EB irradiation dose of 0.83 MGy slightly deviated from the stoichiometric composition.
26)

Results and Discussion
Structural properties of Bi 2 Te 3 thin lms
The XRD patterns of the Bi 2 Te 3 thin lms obtained after the various EB irradiation treatments are shown in Fig. 2 . In all the samples, the peaks in the patterns correspond to the re ections of the rhombohedral phase of Bi 2 Te 3 (JCPDS 15-0863). The strongest crystal peak was (0 1 5), and c-axis-oriented peaks (0 0 l) were also observed for all the samples. The XRD peak intensities were enhanced as the EB irradiation dose was increased, indicating that the lms were well crystallized.
To further investigate the crystallographic properties of the Bi 2 Te 3 thin lms, we estimated the values for the crystal orientation, average crystallite size, and strain, as shown in Fig. 3 . The crystal orientation of the Bi 2 Te 3 thin lms as a function of the EB irradiation dose is shown in Fig. 3(a) . The degree of c-axis orientation was evaluated using the Lotgering factor, F, which is calculated using eq. (1):
where P 0 = ∑I 0 (0 0 l)/∑I 0 (h k l) and P = ∑I(0 0 l)/∑I(h k l). I 0 and I are the intensities of the peaks in the XRD patterns provided in the JCPDS le (15-0863) and those that were experimentally obtained, respectively. An F value of zero indicates that the crystals exhibit non-orientation and isotropic transport properties; whereas an F value of 1.0 indicates that the crystals are completely oriented in the c-axis direction and exhibit the highest degree of anisotropy. In our experiment, the F value of the untreated thin lm was 0.21. As the EB irradiation dose increased, the F value increased linearly, attaining a value of 0.28 at an EB irradiation dose of 0.86 MGy.
Therefore, we can conclude that the crystal orientation of such thin lms can be controlled by homogeneous EB irradiation treatments.
The average crystallite size of the thin lms is shown in Fig. 3(b) . The average crystallite size was estimated from the full-width at half-maximum of the (0 1 5) XRD peaks using Scherrer s equation. The average crystallite size of all of the samples was approximately 23 nm, indicating that the crystals had hardly grown even though the crystallinity and crystal orientation had been altered by the homogeneous EB irradiation treatment.
The strain values for the thin lms are shown in Fig. 3(c) . In the a-axis direction, for example, the strain can be determined as follows: strain (a-axis) = (a − a 0 )/a 0 × 100%, where a is the a-axis lattice constant of our samples, and a 0 is that provided by the standard data (JCPDS 15-0863) for Bi 2 Te 3 . The strain induced in the a-axis direction of the untreated lm was 0.09%. On one occasion, the strain decreased at an EB irradiation dose of 0.43 MGy, and subsequently increased as the EB irradiation dose was increased to 0.86 MGy. All the thin lms exhibited positive strain values in the a-axis direction, indicating that tensile strains were generated in the a-axis direction of the thin lms. Moreover, no strain was generated in c-axis direction of the untreated lm. The strain decreased and then reached a value of −0.13% at an EB irradiation dose of 0.43 MGy, indicating that a compressive strain had been induced in the lm. The strain increased as the EB irradiation dose was further increased to 0.86 MGy; the strain had still a negative value, but its magnitude had increased. Therefore, compressive strain was induced in the c-axis direction of the lm as a result of the EB irradiation treatment. Finally, we compared the magnitude of the strain in the a-axis direction with that in the c-axis direction. In the untreated lm, the magnitude of the positive strain in the a-axis direction was greater than the magnitude of the negative strain in the c-axis direction; therefore, we can conclude that the lm was in a state of tensile strain. In contrast, in the case of the lm that was irradiated with a dose of 0.43 MGy, the magnitude of the positive strain in the a-axis direction was lower than the magnitude of the negative strain in the c-axis direction; therefore, the lm was in a state of compressive strain. In the case of the lm that was irradiated with an EB irradiation dose of 0.86 MGy, the magnitude of the positive strain in the a-axis direction was almost equal to the magnitude of the negative strain in the c-axis direction, indicating that no strain had generated in the lm.
Anisotropic analysis of Bi 2 Te 3 thin lms
To estimate the in-plane and cross-plane transport properties of the Bi 2 Te 3 thin lms, we used a simple model based on the transport properties of the basal plane (perpendicular to the c-axis) and lateral plane (parallel to the c-axis) of singleand poly-crystal Bi 2 Te 3 , 5, [28] [29] [30] [31] as presented in Table 1 . At an F value of zero, the transport property values of the basal and lateral planes are expected to converge, so the normalized value of the averaged property values is equal to 1.0, as shown in Fig. 4 . At an F value of 1.0, the transport property values in the in-plane direction are expected to be at their highest. At the same time, those in the cross-plane direction are expected to be at their lowest. Therefore, the normalized property values in the in-plane direction were estimated by dividing the basal plane property values by the average values. As a result, the normalized values in the in-plane direction of the electrical conductivity, Seebeck coef cient, and lattice thermal conductivity were determined as 1.35, 1.00, and 1.19, respectively. On the other hand, the normalized property values in the cross-plane direction were estimated by dividing the lateral plane property values by the average values. As a result, the normalized values in the cross-plane direction of the electrical conductivity, Seebeck coef cient, and lattice thermal conductivity were determined as 0.29, 0.97, and 0.65, respectively. In this model, we assumed that the normalized transport properties linearly depend on the F value by interpolating the properties of poly-crystal Bi 2 Te 3 . Here, it is noted that the transport properties are in uenced by the crystallite size of the lm. [32] [33] [34] However, we did not consider the effect of the crystallite size because the thin lms in this study had very similar crystallite sizes. Finally, we also assumed that the degree of anisotropy was not dependent on the crystallite size. 1.85 29) 1.50 30) −206.7
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−240 29) 1. 2 28) 1.27 29) 0.0 0.0 1.37 29) 1.35 30) 1.03 5) 1.00 29) 1.25 28) 1.16 29) 1.17 5) 0.25 29) 0.31 30) 0.94 5) 1.00 29) 0.58 28) 0.68 29) 0 Figure 5 shows the in-plane and cross-plane electrical transport property values (electrical conductivity, Seebeck coef cient, power factor) of the Bi 2 Te 3 thin lms as a function of the EB irradiation dose. In Fig. 5(a) , the electrical conductivity was measured in the in-plane direction. The crossplane electrical conductivity was calculated by dividing the in-plane electrical conductivity by the normalized electrical conductivity corresponding to the F value of the thin lm, as depicted in Fig. 4 . For example, in the case of the untreated lm, the measured in-plane electrical conductivity was 1.79 × 10 4 S/m, and the F value was 0.21. The corresponding normalized electrical conductivities in the in-plane direction and cross-plane direction were 1.08 and 0.83, respectively. Therefore, the cross-plane electrical conductivity of the untreated lm was calculated to be 1.38 × 10 4 S/m. As the homogeneous EB irradiation treatment was performed, the electrical conductivity of both planes drastically decreased. This may be because the carrier concentration decreased by the EB irradiation treatment. When the EB irradiation dose was 0.43 MGy, the in-plane and cross-plane electrical conductivities were 0.8 × 10 4 and 0.6 × 10 4 S/m, respectively. For both planes, as the EB irradiation dose was further increased to 0.86 MGy, the electrical conductivity values did not signicantly change.
Electrical transport properties of Bi 2 Te 3 thin lms
In Fig. 5(b) , the Seebeck coef cient was measured in the in-plane direction. The cross-plane Seebeck coef cient was calculated using the same procedure as that used to calculate the electrical conductivity. The in-plane and cross-plane Seebeck coef cient values were almost identical for each EB irradiation dose. This is because the Seebeck coef cient is slightly anisotropic. 5) For both planes of the untreated lm, the Seebeck coef cient was determined to be approximately −45 μV/K. The Seebeck coef cients of both planes signicantly improved as a result of the EB irradiation treatment, and reached a value of approximately −150 μV/K at an EB irradiation dose of 0.43 MGy. This enhancement of the Seebeck coef cient can be well explained by the Mahan-Sofo theory. 35) This theory points out that the enhancement of Seebeck coef cient is caused by the increase in the slope of the density of states (DOS) near the Fermi level. The DOS near the Fermi level is expected to increase by inducing the compressive strain for shrinking the distance between atoms in the unit cells, as presented in Fig. 3(c) . As the EB irradiation dose was further increased to 0.86 MGy, the absolute value of the Seebeck coef cient slightly decreased. Based on the results obtained on the electrical conductivity and Seebeck coef cient of the thin lms, we can conclude that the carrier concentration of the thin lms decreased as a result of the EB irradiation treatment. It is known that the carrier concentration depends on the doping density and defect density. [36] [37] [38] In this case, the defect density affects the carrier concentration because low crystallinity materials have a large quantity of defects at their grain boundaries, and the defects provide unpaired electrons as carriers. When the thin lms were treated with homogeneous EB irradiation, the number of defects at the grain boundaries decreased, leading to a reduction in the carrier concentration.
The power factor was estimated by the electrical conductivity and Seebeck coef cient, as shown in Fig. 5(c) . The differences between the in-plane and cross-plane power factors were attributed to the differences in the electrical conductivity values because the Seebeck coef cient is slightly isotropic. The in-plane and cross-plane power factors of the untreated lms were less than 40 μW/(m·K 2 ). The maximum power factor value was 194 μW/(m·K 2 ), which was achieved in the in-plane direction of the thin lm that received an EB irradiation treatment of 0.43 MGy. This is because the increase in the absolute value of the Seebeck coef cient resulting from the EB irradiation treatment, contributed to, rather than decreased, the electrical conductivity of the lm. Finally, there were differences between the power factor values obtained for the in-plane and cross-plane directions of the thin lms. In particular, in the case of the lm that was treated with an EB irradiation treatment of 0.43 MGy, the in-plane power factor was 38% higher than the cross-plane power factor. Therefore, we can conclude that it is possible to estimate the anisotropic electrical transport property values of Bi 2 Te 3 thin lms. Figure 6 shows the in-plane and cross-plane thermal transport property values (total-, electronic-, and lattice thermal conductivity) of the Bi 2 Te 3 thin lms as a function of the EB irradiation dose. The total cross-plane thermal conductivity (κ total ) was measured using the 3ω method. The electronic thermal conductivities (κ e ) of both planes were estimated based on their electrical conductivity and the Wiedemann-Franz law, with the Lorenz number L n = 2.44 × 10 −8 WΩ/K 2 . The cross-plane lattice thermal conductivity (κ l ) was calculated by subtracting the cross-plane κ e value from the cross-plane κ total value. To evaluate the in-plane κ l value, we employed anisotropic analysis, as shown in Fig. 4 . For example, for the untreated lm, the estimated cross-plane κ l value was 0.36 W/(m·K), and the F value was 0.21. The corresponding normalized lattice thermal conductivities in the in-plane and cross-plane direction were 1.03 and 0.94, respectively. Therefore, the in-plane κ l value of the untreated lm was calculated to be 0.39 W/(m·K). As a result, the inplane κ total was calculated by the addition of the in-plane κ e and κ l values. For both planes, the κ total and κ l values exhibited a similar trend when plotted as a function of the EB irradiation dose because all the samples had low κ e values. Therefore, the κ l value is a key parameter for determining the thermal conductivity of the thin lms. The κ l value of both planes increased following an EB irradiation dose of 0.43 MGy. This could possibly be attributed to the strains induced in the thin lms. In our previous study, we determined that the κ l value increased as compressive strains were generated in the thin lms. 39) In this study, the lm that was treated with an EB irradiation dose of 0.43 MGy, was in a state of compressive strain, so it exhibited a relatively high κ l value. Figure 7 shows the ZT values of the in-plane and crossplane directions of the Bi 2 Te 3 thin lms as a function of the EB irradiation dose. As the EB irradiation dose was increased, the ZT of both planes increased. The highest ZT values of 0.07 and 0.06, corresponding to the in-plane and cross-plane directions, respectively, were achieved by the lm that was treated with an EB irradiation dose of 0.86 MGy because it had relatively low thermal conductivity. There was an 25% difference between the ZT values of the in-plane and crossplane directions, whereas there was a 38% difference in the respective power factors. Therefore, we determined that the ZT value was less anisotropic than the power factor. Finally, even though the lms in this study exhibited low ZT values compared with those of established Bi 2 Te 3 -based alloy thin lms, 4) we developed a method for the anisotropic analysis of Bi 2 Te 3 -based alloys, and this method can be applied to other anisotropic materials.
Thermal transport properties of Bi 2 Te 3 thin lms
Dimensionless gure of merit (ZT) of Bi 2 Te 3 thin lms
Conclusions
To perform anisotropic analysis on n-type nanocrystalline Bi 2 Te 3 thin lms, the in-plane and cross-plane transport property values were estimated. The thin lms were prepared via RF magnetron sputtering, followed by a subsequent treatment of thermal annealing and homogeneous EB irradiation at various EB doses. We evaluated the structural properties of the thin lms via SEM observation and XRD analysis. It was determined that the crystal orientation (Lotgering factor; F value) of the thin lms could be controlled by homogeneous EB irradiation treatments, in which signi cant growth of the crystal grains does not occur. The anisotropic analysis was performed to estimate the in-plane and cross-plane transport property values of Bi 2 Te 3 thin lms using a simple model based on the transport properties of the basal (perpendicular to c-axis) and lateral planes (parallel to c-axis) of single-and poly-crystal Bi 2 Te 3 . For this analysis, it was possible to estimate the in-plane transport property values from those of the cross-plane, and vice versa. There was a clear difference between the in-plane and cross-plane electrical conductivities of the samples; however, the Seebeck coef cients of the two planes did not signi cantly differ. As a result, we observed differences between the power factor values of the in-plane and cross-plane directions. In particular, for the lm that was treated with an EB irradiation dose of 0.43 MGy, the in-plane power factor was 38% greater than that of its cross-plane direction. We estimated the thermal conductivity of both planes by categorizing it into three constituents, namely κ total , κ e , and κ l . It was determined that κ l predominantly governs the thermal conductivity of the thin lms. As the EB irradiation dose was increased to 0.43 MGy, there was an increase in the κ l value of both planes owing to the compressive strain induced in the lm. The highest ZT values were achieved by the lm that was treated with an EB irradiation dose of 0.86 MGy because it exhibited relatively low thermal conductivity. The ZT was less anisotropic than the power factor. Even though the ZT values of the lms in this study were low compared with those of established Bi 2 Te 3 -based alloy thin lms, we developed a method for the anisotropic analysis of Bi 2 Te 3 based alloys. Furthermore, this method can be applied to other anisotropic materials.
